A numerical experiment for the study of the development and the structure of tropical cyclones is performed with a 13-layer model.
as proposed by Ooyama (1964) . The vertical distribution of released latent heat is assumed to be proportional to the temperature difference between cumulus clouds and large scale field (Yamasaki, 1968b) . For simplicity, the equivalent potential temperature of cumulus clouds is kept constant with time and space.
The numerical experiment
shows that the present tropical cyclone model is capable of describing many features observed in actual tropical cyclones, if initial conditions (especially the initial static stability) and various physical parameters are chosen appropriately. The structure and the developmental process of the simulated tropical cyclone are discussed in detail.
Introduction
The tropical cyclone is a warm-core convective system with meridional and strong tangential circulations. The primary source of energy for the development and the maintenance of the tropical cyclone is the latent heat of condensation of water vapor which is supplied from the sea surface.
Dynamical studies on the development of the tropical cyclone date back to the works of HAQUE (1952) and SYONo (1953) , who attempted to explain the tropical cyclone as a free convective system induced by gravitational instability. Later on, some numerical experiments (KASAHARA, 1961; SYON0, 1962) showed that the horizontal and time scales of tropical cyclones could not be explained by the gravitational instability theory.
The important role of deep cumulus clouds in the generation and the upward transport of heat in the tropical cyclone was brought to notice by several observational studies (RIEHL and MALKUS, 1961 ; YANAI, 1961a) . OOYAMA (1964) and CHARNEY and ELIASSEN (1964) proposed tropical cyclone models in which thermal effects of cumulus convection were incorporated in terms of a large scale flow. They assumed that the amount of latent heat released by cumulus clouds was specified by the horizontal mass convergence in the friction layer, and that the mass convergence was controlled by surface friction.
Such a tropical cyclone model was able to explain some of the essential features (such as horizontal and time scales) of tropical cyclones. Subsequent studies on tropical cyclone development (0GuRA, 1964 ; Kuo, 1965 ; SY6N0 and YAMASAKI, 1966 ; YAMASAKI, 1968a, b) have been based upon the above assumptions.
The previous studies mentioned above have been made with models in which temperature changes are considered at only one to three levels. Even such a simple model can describe some of the essential features of tropical cyclones, as was shown in the numerical experiments by the author (YAMASAKI, 1968a, b) . However, a model with fine vertical resolutions may be desirable for further detailed and quantitative discussions of the structure of tropical cyclones.
It was pointed out from the linear theory by SYONo and YAMASAKI (1966) that the vertical distribution of heat is an important factor which specifies the development and the structure of tropical cyclones. The problem with which we are confronted in carrying out numerical experiments with the use of a multiple-layer model is how we should assume the vertical distribution of heat sources due to cumulus convection. We do not know how the released latent heat is distributed vertically in actual tropical cyclones. Kuo (1965) proposed a tropical cyclone model in which the vertical distribution of heat sources was approximately proportional to the temperature difference between cumulus clouds and the large scale field. The property of such a model was discussed by the author (YAMASAKI, 1968b) with the use of a two-layer model concerning heating.
In the present study a numerical experiment is performed with a multiple-layer model by adopting the heat assumption mentioned above. A set of primitive equations is applied to the friction layer as well as to the free atmosphere.
The free atmosphere is divided into 9 layers and the friction layer into 4 layers. The latter division is made to represent the effect of surface friction with satisfactory accuracy.
The equivalent (or pseudo wet-bulb) potential temperature and the mixing ratio of water vapor in the surface boundary layer are important quantities in discussing the development of tropical cyclones. (The mixing ratio of the surface air specifies the amount of condensation heat released by cumulus clouds in a conditionally unstable region. On the other hand, the equivalent potential temperature of the surface air specifies the temperature of cumulus clouds. The cloud temperature gives the upper limit which the mean field temperature can attain due to the warming by cumulus convection.) The equivalent potential temperature and the mixing ratio of the surface air are largely dependent on the sensible and latent heat supplies from the sea surface.
Therefore, the heat transfer from the sea surface is one of the important factors in the development of tropical cyclones (MALKUS and RIEHL, 1960) . In this paper the heat transfer is not treated explicitly, but we shall discuss a case in which the pseudo wet-bulb potential temperature of the surface air is kept at a constant value of 27°C. The mixing ratio of the surface air is also kept constant in the present model. As will be shown later, even the model with a constant equivalent potential temperature of the surface air can simulate essential characteristics of actual tropical cyclones fairly well.
The main objective of the present study is to investigate the fine structure and the deepening, mature and decaying processes of the tropical cyclone simulated with a 13-layer model.
Model and assumptions
For simplicity, we shall consider an axially symmetrical tropical cyclone. Basic equations are equations of motion in radial and tangential directions, thermodynamic equation, hydrostatic equation and continuity equation, and they are written using the cylindrical coordinate system with pressure as the vertical coordinate as follows :
Five dependent variables are radial velocity vr, tangential velocity v©, vertical p-velocity 0), geopotential and potential temperature 0. Other notations in (2.1)-(2.6) are : f=Coriolis parameter, v=horizontal eddy viscosity coefficient, K=horizontal eddy thermal diffusivity coefficient, g=the acceleration of gravity, Cp=specific heat at constant pressure, po=reference pressure taken as 1000 mb and R=the gas constant of air.
The radial and tangential components of vertical stresses Tr and To are assumed to be of the following form :
and at the surface we assume where K is the vertical eddy viscosity coefficient, CD the drag coefficient, p density of air, the suffix s denotes the value at the surface and I VI = A/v,2-1-v0s2.
The quantity Q in the thermodynamic equation (2.3) represents the rate of condensation heating per unit mass. When the stratification is conditionally unstable and the horizontal convergence occurs in the friction layer, it is assumed that cumulus convection occurs and that latent heat is released by cumulus clouds. As proposed by OOYAMA (1964) , the total amount of heat released in a vertical column of air is assumed to be specified by the vertical flux of water vapor at the top of the friction layer p=pB which is taken equal to 900 mb.
where q is the mixing ratio of ascending air at p=pn, oi-" vertical p-velocity at the same level, L the latent heat of condensation and pT the pressure of cloud top which is assumed to be 200 mb in this study. Above the level p=p2, the motions are assumed to be adiabatic.
Concerning the vertical distribution
of released latent heat, we assume that the amount of heat is proportional to the temperature difference between cumulus clouds and the large scale field (Kuo, 1965 ; YAMASAKI, 1968b) .
From the assumptions (2.8a) and (2.8b), Q is given by When T equals Tc, we assume that the temperature does not change for moist adiabatic vertical motions.
It is assumed that the vertical distribution of cumulus cloud temperature (Tc) has a moist adiabatic lapse rate. Then the pseudo wet-bulb potential temperature (08,0) of cumulus clouds saturated with water vapor is independent of height. The temperature of cumulus cloud (Tc) becomes a function of 08,0 and p.
The mixing ratio q is assumed to be equal to the saturated mixing ratio of air with 080 at p=pB. Then q is a function of 0 (YAMASAKI, 1968b) .
In general the value of 0 may be largely dependent on the heat supply from the sea surface. In this paper, for the sake of simplicity, we shall discuss a case in which Os ia is kept constant.
Then Tc is independent of the radius in (2.9) and q becomes constant.
When the heating term is expressed by h is a dimensionless quantity which specifies the property of motions (CHARNEY and ELIASSEN, 1964 ; and others) .
When Q is given by (2.9), the quantity it is expressed by Whether the value of h in the lower layer is larger than unity or not is a measure of the condition for the development of tropical cyclones in the model. Furthermore, the thermal structure of the model tropical cyclone is closely related to the vertical profile of h (SYONO and YAMASAKI, 1966 ; YAMASAKI, 1968a, b) .
In the models discussed by the present author (YAMASAKI, 1968a) , the transition to a mature stage was realized by the reduction of h to unity due to the stabilization of stratification. This may be explained by the result from linear theory that the growth rate of a typhoon-scale disturbance becomes zero when It is nearly equal to unity. However, under the assumption (2.13), h does not necessarily approach unity when the stratification becomes moist neutral, as was pointed out (YAMASAKI, 1968b) . In this case the realization of the mature stage may be explained mainly by the fact that the temperature changes do not take place for moist adiabatic ascending motions after the stratification becomes moist neutral. We do not know what the value of h should approach when the stratification becomes moist neutral.
For the unbalanced (or primitive) model adopted in the present study, small scale propagating waves are apt to mask typhoon-scale motions when the value of It in the upper layer is large to some extent (SYONo and YAMASAKI, 1966 The values of various parameters used in the present experiment are listed in Table 1 . When 0,,v is equal to 27.0°C, the value of q is 20.4 glkg. The vertical distribution of the potential temperature of cumulus clouds (GO) is given by the Os-curve in Fig. 1 . This is a slight modification of the potential temperatures of saturated air with the pseudo wet-bulb potential temperature of 27.0°C. The adopted value of the Coriolis parameter f corresponds to 20°N. Concerning the value of CD, it generally depends upon wind speed. In this study, however, it is assumed to be constant. The values of K, v and K are also assumed to be constant. (Jordan, 1958) is also shown by a dotted line. The corresponding relative vorticity is also shown by a dotted line.
initial conditions
The initial condition for the tangential velocity at the 900-mb level is shown in Fig. 2 . The corresponding relative vorticity is given by a dotted line. The present author showed that the growth rate and the radius of the eye of model tropical cyclones depend upon the intial field of the tangential velocity (YAMASAKI, 1968b) . The initial condition for the tangential velocity is taken to be the same as that in Case IIIc discussed in the previous paper. The initial tangential velocities at other levels are assumed as follows :
We consider a vortex in which meridional circulation is absent everywhere at the initial time.
vr=a)=0 at t=0
The initial vertical distribution of the potential temperature at the outer boundary of the domain under consideration (r2410 km) is given by the 0initial-curve in Fig. 1 . The geopotential (1) and the potential temperature 0 in the interior are determined from the gradient and hydrostatic balances. Fig. 1 ) is used as the initial condition of the stratification, an initial weak vortex does not develop in the present model.* Therefore, the initial static stability of the lower troposphere is taken to be weaker in the present experiment. This is based upon the result that the growth rate of the model tropical cyclone is sensitive to the static stability of the lower layer rather than that of the upper layer (YAMASAKI, 1968a) .**
Grids and finite difference representation
The vertical and horizontal grids at which the five dependent variables are defined are shown in Fig. 3 and Table 2 . As stated before, the 900 mb level is taken as the top of the friction layer and heat is assumed to be released in the 200-900 mb layer in proportion to w900, the vertical p-velocity at the 900-mb level, which is determined from the radial velocities at 900, 925, 950, 975 and 1000 mb.
In order to avoid the appearance of computational modes the advective terms * In this case small scale propagating waves appear notably for the unbalanced model (see YAMASAKI, 1968b) even if the device (2.14) is used. In the numerical experiment where the static stability of the lower layer is taken much weaker than that corresponding to the 0,"; ti,curve, the initial warming takes place in the lower layer under the assumption (2.8b).
of the equations of motion (2.1) and (2.2) and of the thermodynamic equation (2.3) are expressed by upstream differences. For further details of the finite difference scheme readers are referred to a previous paper (YAMASAKI, 1968a) .
Analysis of the computed tropical cyclone (Typhoon IVa)
A numerical time integration of the set of equations (2.1)-(2.5) was carried out up to t=210 hours. The time increment At was taken equal to 2 minutes up to t=120 hours and it was reduced to 1 minute afterwards.
The machine time used for the computation on a HITAC 5020E computer was about 90 minutes. The computed tropical cyclone discussed in this paper is referred to as Typhoon IVa. radii. The circles mean that the stratification becomes moist neutral ing takes place from t=120 hours to t=160 hours (especially over a period of ten hours from t=140 hours to t=150 hours). The maximum 24-hr pressure fall is about 45 mb, which is comparable to values observed in rapidly deepening typhoons (ITO, 1963) . At t=164 hours the central surface pressure takes a minimum value. The maximum deepening is about 56 mb. Afterwards a filling of the central surface pressure begins, and Typhoon IVa enters a decaying stage. continues to fall for a while even after the central surface pressure begins to rise. Therefore, the radial gradients of the surface pressure tend to decrease near the center and the broadening of the low pressure area takes place also in the decaying stage. Similar situations are often observed in actual tropical cyclones.
(ii) time change of ,200
The time changes of the geopotential of the 200-mb isobaric surface are shown in the upper part of Fig. 4 . At the 10-km radius 4200 continues to rise up to t=143 hours and then it continues to fall till the mature stage is reached at t=164 hours. It is seen from Fig. 4 that the thickness between 200 mb and 1000 mb does not vary with time after t=147 hours at the 10-km radius.
This means that the stratification becomes moist neutral at the 10-km radius at t=147 hours (indicated by a circle on a curve of A ,vi000 at r=10) and that afterwards temperature changes do not take place in the 200-1000 mb layer. From the above results the rapidly developing stage (120-164 hours) of Typhoon IVa can be divided into the following two stages : a) deepening of the central surface pressure mainly due to the warming by released latent heat (120-147 hours) and b) deepening of the surface pressure due to the lowering of ,200 (147-164 hours).
The present experiment suggests that the lowering of the isobaric surface at upper levels is one of the important factors which determine the minimum surface pressure of tropical cyclones. In the case of Typhoon IVa the lowering of "200 adds a deepening of 10 mb to the deepening expected only from the warming in the 200-900 mb layer. The contribution of the lowering of ,200 was about 4 mb in Case Ma and 6 mb in Case Hid discussed in a previous paper (YAMASAKI, 1968b) . The physical explanation of the lowering of ,200 will be given later.
At t=164 hours the stratification becomes moist neutral also at the 30-km radius. Since the pseudo wet-bulb (or equivalent) potential temperature of cumulus clouds is assumed to be independent of the radius, the radial temperature gradient between the 10-30 km radii vanishes in the 200-900 mb layer after t=164 hours. The surface pressure gradient found even at this stage is attributed to the gradient of 4200. MALKUS and RIEHL (1960) calculated the sensible and latent heat supplies from the sea surface to a model tropical cyclone under the assumption that the surface pressure gradient is related to the radial gradient of the equivalent potential temperature of the surface air (06). The present experiment with a constant 06,0 shows that the radial gradient of 066 (or 06) is not necessarily required for creating the surface pressure gradient.
(iii) time change of the stratification near the center The potential temperature anomaly at the 10-km radius from the undisturbed state is shown in Fig. 5 for various times. For the first 5 days the warming takes place mainly in the upper troposphere, and the warming in the lower troposphere is very small. After t=5 days the warming rate becomes larger, and a strong warming is found both in the upper and the lower troposphere.
The warming in the lower layer at the later stage is due to the increase of the heat partition to the lower troposphere (YAMASAKI, 1968b) . The time change of the warming found in Typhoon IVa is similar to that observed in actual tropical cyclones (YANAI, 1961a; Colon et al., 1961) . As mentioned before, the stratification in the 200-900 mb layer at the 10-km radius becomes moist neutral at t=147 hours.
(iv) time change of v© at the 900-mb level
The time changes of the tangential velocity at the 900-mb level are shown in Fig. 6 . The tangential velocities at the 20-km and 40-km radii are rapidly intensified after t=120 hours. This rapid intensification of the tangential velocity near the center induces a strong frictional convergence, then the strong warming near the center (Fig. 5) , and the rapid deepening of the central surface pressure (Fig. 4) . Fig. 6 further shows that the tangential velocities at the 900-mb level are weakened after t=152 hours at the 20-km radius, after t=164 hours at the 40-km radius and after t=180 hours at the 60-km radius. It may be a general property of tropical cyclones that the weakening of tangential velocity begins at smaller radii. This decrease of the tangential velocity is a consequence of the weakening of the temperature gradient near the center.
The maximum tangential velocity of about 74 m/sec 570M.
YamasakiVol. XIX No.
is obtained at the 40-km radius of the 900-mb level at t=164 hours.
(v) time-radius sections of vo at the 200-, 300-and 1000-mb levels The time-radius section of V0200, the tangential velocity at the 200-mb level, is shown in Fig. 7a . At first, an anticyclonic motion is formed by the outflow at this level. Soon the anticyclonic motion changes into a cyclonic motion around the 100-km radius, and the region of the cyclonic motion spreads rapidly. The position of the maximum tangential velocity shifts inward with time and coincides well with the position of the maximum vertical velocity. The position of the maximum anticyclonic motion shifts outward with time with a nearly constant speed of 0.6 m/sec, which is smaller than the radial velocity of the air parcel (1.0 In/ sec) around the position.
The maximum velocity of the anticyclonic motion attains 10 m/sec at the 500-km radius.
The angular momentum is increased from the time indicated by the upper dotted line in Fig. 7a . The increase of the angular momentum in the inner region (inside about the 100-km radius) is attributed to the upward transport of larger angular momentum from the lower layer. The increase of the angular momentum in the domain enclosed by a broken line (where the absolute vorticity is negative) is due to the outflow of air with larger angular momentum, and outside this domain the angular momentum is increased by the effect of the vertical eddy viscosity.
The time-radius section of ye at the 300-mb level is shown in Fig. 7b . At this level the anticyclonic motion is found outside the 200-km radius and its wind velocity is small compared with that at the 200-mb level. Fig. 7c shows the time-radius section of v moo, which may be considered as the surface tangential velocity. The inward shift of the position of the maximum tangential velocity appears to be a general property found in the developing stage of tropical cyclones. The inward shift was observed, for example, in Hurricane Helene (Colon et al., 1961) . It should be noted that this inward shift due to non-linear effects gives more rapid intensification of the surface tangential velocity in the inner region than expected from the linear theory.
(vi) time-radius sections of v, at the 200-, 300-and 1000-mb levels Fig. 8a shows the time-radius section of the radial velocity at the 200-mb level. It is well known that a pronounced outflow takes place at this level in actual tropical cyclones. In the case of Typhoon IVa the maximum radial velocity amounts 19 m/sec. The position of the maximum radial velocity is located tens of kilometers beyond the position of the maximum tangential velocity at the 200-mb level. Fig. 8b shows the time-radius section of yr at the 300 mb level. The outflow changes into inflow after t=139 hours in the outer region. In general the outflow is observed above the 400-or 500-mb level in actual tropical cyclones. The reason why the inflow appears at the 300-mb level in Typhoon IVa will be discussed later. (vii) time-radius section of (0 at the 250-mb level The time-radius section of the vertical p-velocity at the 250-mb level is shown in Fig. 9 . The outer boundary of the ascending region shifts inward from the 300-km radius to the 100-km radius during the developing stage. The maximum vertical p-velocity is 0.12 mb/sec, which corresponds to a vertical velocity of 3 m/sec. The maximum vertical velocity obtained in Typhoon IVa is very large. This is related to the small horizontal scale of Typhoon IVa. The downward motion which appears at the center is unsteady and it becomes sometimes upward.
The outer boundary of the ascending region at the 900-mb level is indicated by a dotted line in Fig. 9 . The ascending region is narrower in the lower layer than 
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XIX No. 4 in the upper layer after about t=110 hours. The ascending motion is confined to the region inside the 40-km radius in the lower layer at the mature stage. The horizontal scale of Typhoon IVa is very small at the mature stage.
(viii) time radius section of AO at the 250-mb level Fig. 10 shows the time-radius section of the potential temperature anomaly at the 250-mb level. A warm core is formed, but it is very weak up to t=120 hours. The radial temperature gradient is rapidly increased after t=120 hours.
The domain enclosed by a dotted line indicates that at1/at is negative. The cooling is due to dry adiabatic ascending motion in the left part of the domain and due to the outflow of cooler air in the right part. Such an appreciable cooling takes place also at the 350-mb level, but not below the 450-mb level. We do not know whether such a pronounced cooling as found in Typhoon IVa is observed in actual tropical cyclones.
(ix) time-height sections of vo at the 20-and 60-km radii Fig. 11a shows the timeheight section of vs at the 20-km radius. After t=150 hours the tangential velocity is weakened in the lower troposphere by the decrease of the pressure gradient. In the upper troposphere the tangential velocity continues to intensify up to t=164 hours. This is due to the upward transport of larger angular momentum. The time when the tangential velocity at 200 mb attains the maximum value coincides well with the time when 4200 takes the lowest value at the 10-km radius. The lowering of 9S200 found from t=143 hours to t=164 hours (Fig. 4) takes place so as to balance the tangential winds which are intensified by the upward transport of larger absolute angular momentum from the lower troposphere.
The upward transport of the absolute angular momentum near the center plays an important role in the deepening of the central surface pressure which takes place at the later stage of the rapidly developing stage.
As is seen from Fig. 11a, after t=164 hours the vertical shear of tangential winds almost vanishes in the 200-900 mb layer of the 20-km radius. This is related to the vanishing of the temperature gradient between the 10-30 km radii. (As was mentioned before, the stratification becomes moist neutral also at the 30-km radius at t=164 hours.) Since the tangential velocity has already begun to decrease with the decrease of the pressure gradient in the lower layer of this region, the weaken-. ing of the tangential winds takes place also in the upper layer. Therefore, the pressure begins to rise so as to balance the weakening tangential winds throughout the troposphere at the 10-km radius after t=164 hours, as was seen from Fig. 4 . Since the equivalent potential temperature of cumulus clouds (Be) is kept constant in Typhoon IVa, the rise of the surface pressure due to the effect of the lowering of Be is not included. The decay of actual tropical cyclones may be attributed mainly to the effect of the lowering of Oe. Fig. 11b shows the time-radius section of vo at the 60-km radius. In contrast with that at the 20-km radius, the weakening of the tangential velocity at the 60-km. radius begins from the upper layer. For a computed tropical cyclone whose horizontal scale is larger than that of Typhoon IVa, such a situation would take place for larger radii.
(x) time-height section of v, at the 102-km radius Fig. 12 shows the time-radius section of radial velocity at the 102-km radius.
The level of no radial velocity is situated around the 450-mb level at first and then it is elevated with time. At the 300-mb level of the radius under consideration, the outflow is replaced by the inflow Fig. 13 . Streamlines in the meridional plane at t=138 hours (solid lines) . The broken line indicates the region of negative absolute vorticity.
after t=139 hours, as was seen also in Fig. 8b . It may be of interest to note that the strong inflow is found at the 300-mb level after t=145 hours. Besides the circulation with the strong inflow near the surface and strong outflow around the 200-mb level, a shallow circulation ranging from about 200 mb to 400 mb is found at this stage. This circulation may be a manifestation of the inertial instability. This point is discussed in the next subsection.
(xi) inertial instability
In the tropical cyclone obtained in the present experiment a negative absolute vorticity is found, as was seen in Fig. 7a and Fig. 7b . Such a situation has often been observed in actual tropical cyclones. In Typhoon VIa, the negative vorticity appears around the 160-km radius of the 300-mb level at about t=120 hours and then the region of the negative vorticity spreads till the mature stage. The region of the negative vorticity at t=138 hours is shown by the domain enclosed by the broken line in Fig. 13 . As is shown in Fig. 12 , the strong shallow circulation ranging from 400 mb to 200 mb is found after t=140 hours. It may be inferred that this circulation takes place so as to dissolve the (pure) inertial instability associated with the negative absolute vorticity. The pronounced cooling found in Fig. 10 is related to this circulation.
In the past the inertial (or pure inertial) instability was suggested as one of the important factors in the formation or the development of tropical cyclones by SAWYER (1947) , KLEINSHMIDT (1951) and YANAI (1961b YANAI ( , 1964 .
Recently OOYAMA (1966) suggested that motions induced by inertial instability should be restricted. locally in the unstable region. The present study appears to support Ooyama's suggestion. It may be considered that the appearance of a negative absolute vorticity is a consequence of tropical cyclone development and does not make significant contributions to the intensification of tropical cyclones.
(xii) vertical cross sections of vo, AO and Ark The vertical cross sections of vo at t=120 hours and at t=168 hours are shown in Figs. 14a and 14b , respectively. These figures are similar to those obtained in the previous papers (YAMASAKI, 1968a, b) and also similar to those observed in actual typhoons (IzAwA, 1964) . It should be remarked that the cyclonic motion near the center reaches the 100-mb level at t=168 hours.
A remarkable result obtained in Typhoon IVa is that the maximum tangential velocity is located below the 900-mb level for the inner, region. In the friction layer the pressure gradient is assumed to be independent of height in this study. The vertical shear of 8vola p >0 in the friction layer is related to (a/ap) (co avdap)<0. In the mean steady hurricanes discussed by PALMEN and RIEHL (1957) the height of the maximum tangential velocity was elevated with decreasing radius. This may be related to the radial gradient of the potential temperature in the friction layer. Fig. 15a shows the vertical cross section of the potential temperature anomaly at t=120 hours. At this time the radial temperature gradient is still weak. In the 100-200 mb layer where motions are assumed to be adiabatic, a cooling occurs be cause of dry adiabatic ascending motions. Such a cooling in the lower stratosphere is observed in actual tropical cyclones (KOTESWARAM, 1967) . Fig. 15b shows the vertical cross section of the potential temperature anomaly at t=168 hours. At this time the strong radial temperature gradient has been formed in the upper layer. The maximum warming is obtained at the 350-mb level. In actual tropical cyclones the maximum warming is generally observed at higher levels (CoLON et al., 1961) . This discrepancy is due to the inappropriate values of the potential temperature of cumulus clouds assumed in the present experiment.
More realistic results would be obtained if Oc corresponding to the chain line in Fig. 1 is used. It is to be noted that a warming takes place also in the lower stratosphere near the center at the later stage of the development. This warming is related to the lowering of 0200 which takes place during 143-164 hours. Fig. 16 shows the vertical cross section of the geopotential anomaly at t=168 hours. The position of high pressure ring is found around the 160-km radius above the 200-mb level and around the 300-km radius in the 200-350 mb layer. The high is not found below the 400-mb level in Typhoon iVa.
(xiii) vertical cross section of avolt Fig. 17 shows the vertical cross section of the change of the tangential velocity during the rapidly developing stage (from t=120 hours to t=168 hours).
The strong intensification of tangential winds is concentrated inside the 100-km radius.
Such a concentration was observed in Hurricane Daisy (1958) between August 25 and 27 (COLON et al., 1961) .
The negative value of (/amavolat) obtained outside the 100-km radius in the 200-400 mb layer was also observed in Hurricane Daisy. This means that the outward transport of larger angular momentum due to the strong outflow is noticeable around the 200-mb level in the developing stage.
(xiv) vertical profile of radial velocity Fig. 18 shows the vertical profile of the radial velocity at the 80-km radius at t=120 hours. The outflow is concentrated near the 200-mb level because the stratification of the 100-200 mb layer is taken very stable. The radial velocity in the 400-900 mb layer is nearly zero. The inflow is concentrated near the surface owing to surface friction.
These properties found in the radial velocity profile are in good agreement with observations. As seen from Fig. 12 , the vertical profile of v, at the 102-km radius after t=140 hous has a different feature from the profile shown in Fig. 18. (xv) radial profile of the surface tangential velocity Fig. 19 shows the radial profiles of the surface tangential velocity vel000 for various times. Both the ordinate and abscissa are taken in logarithmic scales. The value of A in the relation vorl =constant has been investigated from observational studies (RIEHL and MALKUS, 1961 ; RIEHL, 1963) and from numerical experiments (YAMASAKI, 1968a) . The gradients A of log v0-log r curves are shown for various radii in Fig. 19 . The white circles denote the outer boundary of the region of the horizontal convergence near the surface. It is seen that the horizontal convergence is found for A<0.5 and the horizontal divergence for A>0.5.
The above remarkable result is interpreted as follows. Roughly speaking, the divergence term in the vorticity equation is balanced with the frictional term near the surface. Since the surface tangential stress is assumed to be proportional to IV.,!yds, the frictional term contributes to the decrease of the vorticity for the region of (a/ar)(r I Vs vos)= (diar)(rve2/cosco)> 0. When the inflow angle o is independent of the radius, the relation (a/ar) (2'1 V,Ivos)>0 is equivalent to 2<0.5. in such a region the horizontal con- vergence takes place so as to balance the frictional effect. On the other hand, the frictional divergence occurs in the region of A>0.5, although the advective effect of the vorticity somewhat modifies this result. Since the intensity of the divergence or the convergence near the surface is generally larger than at the 900-mb level, the outer radius of the ascending region at the 900-mb level nearly coincides with the radius of the horizontal convergence near the surface. As far as Typhoon IVa is conccerned, the radius of the ascending region in the lower layer is closely related to the radial profile of the surface tangential velocity. However, when we see the resuit obtained in Case Ha discussed in a previous paper (YAMASAKI, 1968a) , the above statement is not necessarily a rule. The value of A is about 0.7 for the region between the 50-km and 400-km radii at the mature stage of both Typhoon IVa and Case IIa. Nevertheless, the outer radius of the ascending region was about 100-km for Case IIa. For Case IIa the sharp increase of the surface inflow angle with the radius extended to about the 100-km radius.
It still remains to be clarified what determines the horizontal scale of mature stage tropical cyclones.
(xvi) kinetic energy loss and angular momentum gain due to the finite difference In the present numerical experiment the advective terms in the set of equations (2.1) to (2.3) are expressed by upstream differences in order to avoid the appearance of computational modes. Therefore, the loss of energy and angular momentum due to the finite difference is inevitable. Fig. 20 . Ratios RK and R1 as functions of time. RK is the ratio of kinetic energy loss due to the finite difference to kinetic energy production. Rm is the ratio of angular momentum gain due to the finite difference to internal and surface dissipation of the angular momentum.
The ratio of the loss of kinetic energy due to the finite difference to the kinetic energy production is shown as a function of time by a solid line in Fig. 20 . The ratio is small up to t=120 hours and afterwards increases to 60%. The loss of kinetic energy occurs mainly in the inner region. Such a large loss is attributed to the mesh size which is coarse in view of the small horizontal scale of the tropical cyclone obtained.
The use of the horizontal grid size Ar=5 km would reduce to a considerable extent the kinetic energy loss even if the advective terms are expressed by upstream differences.
If we adopt a computational scheme in which the loss of kinetic energy is avoided, the correlation of yr and 80/ar would differ considerably from the present results. However, the results obtained in the present experiment would not be modi- The ratio of the angular momentum gain due to the finite difference to the frictional dissipation of the angular momentum is also shown by a dotted line in Fig.  20 . The maximum value of the ratio amounts to 30%.
For discussions about kinetic energy and momentum budgets, it is required to use a computational scheme in which kinetic energy and momentum are conserved.
Concluding remarks
As a continuation of the several numerical experiments in the previous papers (YAMASAKI, 1968a, b) , a numerical experiment (referred to as Case IVa) was performed with a 13-layer model in order to study the developmental process and the structure of tropical cyclones in detail. The vertical distribution of latent heat released by deep cumulus clouds was assumed to be proportional to the temperature difference between cumulus clouds and large scale field. It was found that under such an assumption we could simulate the structure and the developmental process of tropical cyclones to a considerable extent, so long as the initial conditions and various physical parameters are chosen appropriately.
In the present experiment the initial stratification of the lower troposphere was taken to be more unstable than that of the mean tropical atmosphere in the hurricane season (Jordan, 1958) . For the first 5 days an initially given weak vortex showed a gradual development, and the warm core formation was confined to the upper troposphere, as observed in actual tropical cyclones (YANAI, 1961a ; COLON et cii., 1961) .
The position of the maximum tangential velocity shifted inward with time from the 200-km radius, with intensified wind velocities.
The inward shift may be a general property of tropical cyclones in the deepening stage. When the position of the maximum velocity shifted to around the 40-km radius, the frictional inflow began to intensify near the center. The strong convergence of latent heat thus induced near the center caused a strong warming, and the central surface pressure began to deepen rapidly. It may be remarkable that the inward shift of the radius of the maximum velocity due to non-linear effects causes more rapid deepening of the central surface pressure than expected from the linear theory.
With the stabilization of the upper layer due to the strong warming, the heat partition to the lower layer was increased, and the warming took place also in the lower layer. Thus the stratification near the center approached a moist neutral state.
In the later stage of development a fall of the pressure took place at upper levels so as to balance the tangential winds which were intensified by the upward transport of larger angular momentum from the lower troposphere.
The fall of the upperlevel pressure induced a further deepening of the surface pressure which is 10 mb larger than expected soley from the tropospheric warming due to latent heat released by cumulus clouds. A mature stage was realized about 20 hours after the stratification near the center became moist neutral.
The decaying stage of the computed tropical cyclone was characterized by the decrease of the radial temperature gradient near the center. The decrease of the radial temperature gradient caused a decrease of the surface pressure gradient and then a weakening of tangential winds near the center. The tangential velocity in the lower and middle layers began to decrease at smaller radii. The winds in the outer region continued to intensify for more than several days after the mature stage was realized. Throughout the life of the simulated tropical cyclone, no stage was found which might be considered as a steady state.
In the present study the decaying process was investigated for the case of the constant equivalent potential temperature of the surface air. The decay of actual tropical cyclones is mostly achieved by the lowering of the equivalent potential temperature due to the reduction of heat supply from the sea surface or the land.
The structure of the computed tropical cyclone was similar to that observed in actual tropical cyclones in many respects. The outflow concentrated around the 200-nib level was well simulated in the present multiple-layer model. Furthermore, the weak radial velocity in the 400-900 mb layer was also simulated.
Such a vertical profile of the radial velocity as shown in Fig. 18 is an interesting result which was obtained for the first time in numerical experiments.
During the developing stage the outer boundary of the ascending region shifted inward. One of the features in the computed tropical cyclone obtained in the present experiment is the narrow ascending region confined to the region inside the 40-km radius at the mature stage. The ascending motion appears to be closely related to the radial profile of the surface tangential velocity which is varied by non-linear effects. The question as to what determines the horizontal scale of mature stage tropical cyclones is left for further investigations.
The present experiment in which the equivalent (or pseudo wet-bulb) potential temperature of cumulus clouds was kept constant revealed that the radial gradient of the equivalent potential temperature of surface air was not necessarily required for the surface pressure gradient. This is partly because the time required for the realization of the moist neutral stratification is different at different radii and partly because the pressure gradient is found also at upper levels. It took 147 hours at the 10-km radius, 164 hours at the 30-km radius and more than 210 hours at the 50-km radius for the stratification to become moist neutral in the present experiment. It is an interesting unsolved problem how long it takes for cumulus convection to modify a conditionally unstable stratification to a moist neutral one.
Although it was found that even a model with a constant equivalent potential temperature of surface air is able to simulate many aspects of tropical cyclones, we are concerned, as a next step, with the properties of a model with variable equivalent potential temperature.
The effects of the heat supply from the ocean surface on the development of tropical cyclones have been studied by 00YAMA (1969) .
A remarkable defect of the present experiment is that kinetic energy losses and angular momentum gains due to the finite difference are very large, because we adopted an upstream space difference of the advective terms in order to avoid the appearance of computational modes and because the horizontal grid size was taken large. A numerical experiment with a computational scheme which does not permit the loss or gain of energy and angular momentum due to the finite difference is desirable for discussions about energy and momentum budgets.
